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ABSTRACT: The incorporation of defects into crystalline ma-
terials provides an important tool to fine-tune properties 
throughout various fields of materials science. We performed 
high-pressure powder X-ray diffraction experiments, varying 
pressures from ambient to 0.4 GPa in 0.025 GPa increments to 
probe the response of defective UiO-66 to hydrostatic pres-
sure for the first time. We observe an onset of amorphization 
in defective UiO-66 samples around 0.2 GPa and decreasing 
bulk modulus as function of defects. Intruingingly, the ob-
served bulk moduli of defective UiO-66(Zr) samples do not 
correlate with defect concentration, highlighting the com-
plexity of how defects are spatially incorporated into the 
framework. Our results demonstrate the large impact of point 
defects on the structural stability of MOFs and pave the way 
for experiment-guided computational studies on defect engi-
neered MOFs. 
The ability to control structure-property relations in crystal-
line materials is at the heart of modern materials science.1 In 
this pursuit, the targeted incorporation of defects is a crucial 
tool for fine-tuning properties throughout different areas of 
chemistry, such as condensed matter physics and materials 
science. 2-3 It is therefore exciting to see that defect engineer-
ing has recently entered the field of metal-organic frameworks 
(MOFs). MOFs are a relatively new class of framework mate-
rials, combining the versatility of organic chemistry with the 
library of inorganic metal nodes. The organic linker molecules 
bridge the inorganic building units to form 2D or 3D periodic 
networks often with guest-accessible porosity. The large 
chemical tunability in combination with the powerful concept 
of reticular chemistry in principle allows for designing MOFs 
to meet specific structural and chemical requirements.4 In 
turn, MOFs offer great opportunities across many subjects of 
materials science ranging from catalysis,5-7 sensors,8 filters9-10 
to water harvesting systems11-13 to name just a few. When con-
sidering the defect chemistry of MOFs in more detail, it was 
shown that macroscopic properties such as porosity and in 
turn catalytic activity and microscopic properties such as lat-
tice dynamics are closely linked to the defect chemistry.14-15,16 
Furthermore, some MOFs can be transformed to amorphous 
and glassy states with the complete absence of long-range or-
der.17-18 In the context of point defects in crystalline MOFs, 
M6O4(OH)4(bdc)6 (UiO-66, M = Zr and Hf and H2bdc = 1,4-
benzendicarboxylic acid) and similiarly its dehydrated form 
M6O6(bdc)6 are currently widely used in the community, ow-
ing to their high thermal and mechanical stability combined 
with a certain chemical robustness.19 UiO-66 crystallizes in a 
face-centered cubic framework in fcu topology, with [M6O6]12+ 
metal-nodes in 12-fold coordination of (bdc)2-.20 Synthetically, 
defects are typically incorporated by the so-called modulator 
approach, where high equivalents of monodentate acids such 
as formic acid, acetic acid and trifluoro acetic acid are added 
to the reaction mixture.21-23 For small amounts of modulators, 
crystallinity of the defect-free framework is enhanced, whilst 
large amounts facilitate the incorporation of modulators into 
the structure and the formation of Schottky-type defects. Im-
portantly, it was shown that under certain circumstances de-
fect incorporation can occur in a correlated fashion, produc-
ing nanoregions with reduced pcu symmetry.24  
The permanent porosity and low density implicate that 
MOFs are soft materials.25 The large chemical diversity to-
gether with the potential to form highly connected lattices, 
however, lead to bulk moduli that span a range between K = 4 
- 30 GPa.26 In some cases, hydrostatic pressure can trigger po-
rous-to-nonporous phase transitions in flexible model systems 
such as ZIF-4(Zn) and MIL-53(Al) at pressures as low as 0.05 
GPa, making MOFs potential working media in mecha-
nocalorics and mechanical dampers.27-28 In the absence of 
structural and thermodynamic requirements for a porous-to-
nonporous transition,29 MOFs are prone to undergo amor-
phization at relatively low pressures.25 For instance, MOF-5 
amorphizes irreversibly by direct compression at pressures be-
low 3.5 MPa and ZIF-8 at 0.34 GPa.30-31 Such insight is not only 
fascinating from a fundamental viewpoint, but also tackles ap-
plication-oriented questions, e.g. stability-issues of MOFs dur-
ing shaping processes for catalytic applications.32  
 Despite the on-going research interest in the defect chem-
istry of MOFs, experimental studies that address the mechan-
ical stability of defective MOFs are presently absent in the lit-
erature. However, computational studies have been per-
formed on UiO-66, its isoreticular expansions UiO-67 and 
UiO-68, HKUST-1, ZIF-8 and IRMOF-1.33-38 Focusing on UiO-
66,33 van Speybroeck and co-workers performed an insightful 
computational study on defective UiO-66, addressing ques-
tions concerning the thermodynamics of defective UiO-66 un-
der hydrostatic pressures. They find a small but significant im-
pact of the spatial arrangements of defects on the onset pres-
sure of amorphization and similarly the bulk modulus. Like-
wise, Thornton and co-workers highlighted the large parame-
ter space of defective UiO-66, finding that highly defective 
UiO-66 with correlated defects (reo topology) exhibit a more 
stable structure compared to highly defective uncorrelated 
systems.35 Following on from their important computational 
results, we herein apply high-pressure powder X-ray diffrac-
tion (HPPXRD) to characterize the mechanical response of 
defective MOFs to hydrostatic pressure experimentally with a 
non-penetrating transmitting media for the first time. 
Defective UiO-66(Zr) samples were prepared by using tri-
fluoro acetic acid (TFA) as modulator. In detail, three defec-
tive samples with 1 (UiO-66-1eq), 5 (UiO-66-5eq) and 10 
(UiO-66-10eq) equivalents of TFA with respect to the zirconia 
concentration were prepared.22 Unmodulated UiO-66 (UiO-
66-0eq) was also synthesized as a reference sample, following 
a modified procedure reported by Shearer et al.21 Laboratory 
powder X-ray diffraction was used to confirm phase purity for 
all samples (see SI figure S1). N2 physisorption measurements 
and thermogravimetric analysis (TGA) show porosities and 
thermal stabilities that are in good agreement with the litera-
ture.21 A quantification of the defect concentration (see SI fig-
ure S3 and table S1) was performed using TGA data, according 
to the method proposed by Valenzano et al..19 We find a defect 
concentration of approximately 3% for UiO-66-0eq, whilst 
TFA modulated samples UiO-66-1eq, UiO-66-5eq and UiO-
66-10eq show a defect concentration of approximately 22.5%, 
26.6% and 28.3%, respectively. Assuming only linker defects, 
the metal-nodes in defective materials exhibit a mean coordi-
nation number (CN) of 11.6 (UiO-66-0eq), 9.3 (UiO-66-1eq), 
8.8 (UiO-66-5eq) and 8.6 (UiO-66-10eq) compared to 12 in 
the ideal, defect-free UiO-66 structure.  
HPPXRD on soft materials with low pressures of amor-
phization is challenging, since a typical diamond anvil cell 
setup is designed for working pressures well above 0.1 GPa. 
Therefore, in this work we applied a radically different ap-
proach, using a HPPXRD setup which allows the application 
of pressure in small-increments in the range of p = ambient – 
0.4 GPa (see SI for details).39 In total, we collected 18 HPPXRD 
datasets for each sample with pressure increments of 0.025 
GPa. Contour plots of the obtained HPPXRD pattern are 
shown in Figure 1, and stacking plots are given in the support-
ing information. Notably, we do not observe any intensities in 
the HPPXRD pattern related to a primitive superlattice that 
would indicate the formation of nano-regions of correlated 
defects. However, the absence of such superlattice reflections 
not excludes correlations on the sub-nano scale which are not  
Figure 1. Contour plots of HPPXRD data (λ = 0.4246 Å) of UiO-66 
without modulator (a), with 1 equivalent modulator (b), with 5 
equivalents modulator (c) and 10 equivalents of modulator (d). 
High-pressure powder X-ray diffraction was measured in 0.025 GPa 
steps starting from 0.1 MPa, leading to 18 datasets between 0.1 MPa 
and 0.4 GPa. For better visualization the data was normalized be-
fore plotting and intensities between the respective pressure points 
are interpolated for clarity (blue = high relative intensities, white = 
low relative intensities). 
 
Figure 2. Representative HPPXRD pattern (λ = 0.4246 Å) of UiO-66-
10eq (black) with and corresponding profile fits (colored curve) and 
difference curves (grey) at 0.2 GPa (Rwp = 1.81, ꭓ2= 0.42). The inset 
shows the diffraction data of the high angle region. 
 
Figure 3. Relative volumes as a function of pressure for UiO-66-
0eq (blue), UiO-66-1eq (green), UiO-66-5eq (red) and UiO-66-
10eq (black). The straight lines represent the fits of the 2nd order 
Birch-Murnaghan equation of states. 
 
 detectable with X-ray diffractions techniques.24 From the 
contour plots we already observe qualitatively that UiO-66-
0eq and UiO-66-1eq remain crystalline up to a pressure of 0.4 
GPa with no visual indication of peak broadening.40 In con-
trast a clear loss of crystallinity appears around 0.3 GPa for 
UiO-66-5eq and at approximately 0.25 GPa for UiO-66-10eq. 
In order to quantify the onset pressure of amorphization 
quantitatively, we performed Pawley profile fits, see Figure 2 
for an exemplary profile fit and SI for details. Analyzing the 
full width  
half maximum (FWHM) of the peaks as a function of pressure, 
no significant changes are observed for UiO-66-0eq and UiO-
66-1eq until p = 0.4 GPa, see SI Figure S13. This confirms that 
hydrostatic conditions are maintained up to 0.4 GPa without 
evidence for loss of long-range order. For UiO-66-5eq and 
UiO-66-10eq, anomalies of the FWHM starting at pressures 
of p = 0.275 GPa  and p = 0.225 GPa are observed. These anom-
alies are related to an onset of amorphization and agree with 
the trend found computationally.33 The amorphization pro-
cess is not reversible, hence is best described with a collapse 
of the framework under low hydrostatic pressures (see SI for 
PXRD pattern after compression). 
We now turn our attention to the volume of the materials 
as function of pressure, V(p), which we obtained from the pro-
file fits. The bulk modulus which is defined as the inverse of 
the compressibility, i.e. K = -V∙(dp/dV), is a measure for me-
chanic resistance of a material against volumetric changes un-
der hydrostatic pressures. Since we observe unusual volume 
changes for pressures above approximately 0.2 GPa for the 
highly defective samples, see SI Figure S12, the bulk moduli 
were calculated by fitting a 2nd order Birch-Murnaghan equa-
tion of state46 to the first 8 data points in our V(p) data, i.e. up 
to pressures of p = 0.175 GPa (see Figure 3). We obtain values 
of K(UiO-66-0eq) = 26.4 ± 0.13 GPa, K(UiO-66-1eq) = 18.3 ± 
0.16 GPa, K(UiO-66-5eq) = 12.2 ± 0.18 GPa and K(UiO-66-
10eq) = 13.9 ± 0.22  GPa , see Figure 3 and Table 1. The origin 
of the discontinous behavior for pressures above 0.2 GPa for 
UiO-66-5eq and UiO-66-10eq itself is unclear. The discon-
tionous change in the V(p) data is only observed for highly 
defective samples, in principle pointing to the occurrence of a 
phase transition; however, no other evidence were found in 
our diffraction data to back-up this conclusion and is subject 
of on-going studies. Comparing the bulk moduli of our refer-
ence sample UiO-66-0eq to literature data, we find UiO-66 
being one of the least compliant MOFs, only beaten by 
HKUST-1 with K = 30 GPa.  The difference to previous 
meauserements, e.g. by Yot et al.41 who report UiO-66 to ex-
hibit a bulk modulus of K = 17 GPa highlights the impact of the 
preparation method on the mechanical response of the frame-
work, e.g. activation and dehydration mechanisms and the po-
tential presence of unintentional defect incorporation. For in-
stance, the use of HCl in the synthesis of UiO-66 facilitates the 
decomposition of dimethylformamide into dimethylammo-
nium and HCOO- at high temperatures which in turn can act 
as modulator in the synthesis. 21 The impact of the coordina-
tion of the metal node on the mechanical properties becomes 
evident when comparing the bulk modulus of UiO-66-0eq 
with dense coordination networks such as perovskite-type 
materials [CH3NH3]PbI3 and [NH3NH2]Zn(HCOO)3 that ex-
hibit a 6-fold connectivity of the metal-node (Table 1).45 Look-
ing at the bulk moduli of the defective samples, the bulk mod-
ulus initially drops significantly. For instance, UiO-66-1eq ex-
hibits a significant lower bulk modulus (K = 18.3 GPa), con-
firming computational results and the expectations that a de-
fective framework is less stress resistant. Interestingly, UiO-
66-5eq exhibits a slightly lower bulk modulus than the most 
defective sample UiO-66-10eq. This finding is counterintui-
tive at first sight, but reflects the complex structure-property 
relation when going from perfect UiO-66 in fcu topology (CN 
= 12)  to hypothetical UiO-66 in reo topology (CN= 8). In be-
tween, different scenarios with different types and amounts of 
(correlated) defects are possible, depending on the kinetics 
and thermodynamics of formation. From our results it seems 
that with increasing amount of defects correlated regions be-
come more likely, presumably leading to a higher bulk modu-
lus while keeping the amorphization onset low. From zeolites 
it is known that the correlation between bulk modulus and the 
loss of crystallinity is complex, see SI FigureS14, with the ab-
sence of any obvious correlation. The finding is fascinating, 
and is ressembling the currently poor understanding of the 
thermodynamic and kinetic procceses of how defects are in-
corporated into the MOF framework. In turn our results pave 
the way for experimentally guided computational studies, and 
emphasize the complex landscape of parameters scientists 
face when trying to understand and establish structure-prop-
erty relationships in defective MOFs. Our work presents the 
first attempt to experimentally establish structure-property 
relations in defective MOFs, opening new avenues for future 
synthetic work in this area.  
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